A diet rich in dietary fiber (DF) is considered healthy and recommended dietary intake of DF is established all over the world. The physiological effect of DF is mostly related to its behavior during digestion. In this review, the behavior of DF in the human digestive tract is discussed and linked to its physiological effect with special attention to four aspects of such behavior: (i) the modulation of bioavailability by the plant cell walls, (ii) the effect of DF on the rheological and colloidal state of digesta, (iii) the binding of DF with phenolic compounds, bile salts, mineral ions, and digestive enzymes, and (iv) DF fermentation in the large intestine and the corresponding effect on microbiota composition. It is stressed that the detailed chemical characterization of DF is crucial to explain its effect on health and that DF behavior in the digestive tract can be modulated by interactions with other food and meal components so that information of the bare content in DF of food is not sufficient to predict its physiological effect.
Introduction
It is widely recognized that populations consuming diets high in dietary fiber (DF) have a lower incidence of chronic diseases compared to populations that consume diets lower in DF (Institute of Medicine, 2001; Carrera-Bastos et al., 2011) . From the early 70s, when the "dietary fiber hypothesis" relating the lack of DF to some diseases typical of western populations has been put forward (Burkitt et al., 1972; Trowell, 1972) , epidemiological evidence has accumulated for the protecting effect of DF on obesity (Liu et al., 2003; Du et al., 2010; Maki et al., 2010) , insulin sensitivity and diabetes (Meyer et al., 2000; Liese et al., 2003; Montonen et al., 2003; Lau et al., 2005; de Munter et al., 2007; Rave et al., 2007; Weickert and Pfeiffer, 2008) , cardiovascular and coronary hearth diseases (Brown et al., 1999; Bazzano et al., 2003; Ajani et al., 2004; Jensen et al., 2004; Pereira et al., 2004) , and cancer (Nomura et al., 2007; Schatzkin et al., 2007 Schatzkin et al., , 2008 Dahm et al., 2010; Murphy et al., 2012) . A negative association between DF intake and mortality, particularly from circulatory, digestive, and non-CVD and non-cancer inflammatory diseases was also observed in the European Prospective Investigation into Cancer and Nutrition (EPIC; Chuang et al., 2012) . DF is generally considered as an important element of a healthy diet and this has led to dietary recommendations for an optimal consumption level of DF. Compared to other dietary components, which beneficial effect on health is either related to their intrinsic nutritional value or driven by direct elicitation of specific biological responses, DF beneficial effect on health is explained by its behavior in the gastrointestinal tract (GIT). Direct effects of DF on human health have been demonstrated, e.g., bacterial and fungal b-glucan can interact with specific receptors of epithelial immune cells and boost immunological responses (Mikkelsen et al., 2014a) . However, this is the exception rather than the rule. Reviews where the physiological effect of DF is described in relation to behavior during digestion can be found in the scientific literature but they mainly address one or few aspects of this behavior (Gidley, 2013; Baye et al., 2015; Dhital et al., 2015b; Lovegrove et al., 2015; Padayachee et al., 2015) and a comprehensive and detailed account is needed, especially in the light of the extensive work carried out in this field in the last 2 years. In this review, the behavior of DF during digestion is discussed and the physiological implications of such behavior are highlighted. In particular, four aspects of DF behavior in the GIT are described that contributes to its health effect: (i) the effect of plant cell walls on bioavailability, (ii) the effect of DF on the rheological and colloidal state of digesta, (iii) the binding of DF with phenolic compounds, bile salts, mineral ions, and digestive enzymes, and (iv) DF fermentation in the large intestine and the effect on gut microbiota composition. Several polysaccharides: D-galactosesulfate a , D-galactose-2,6-disulfate, 3,6-anhydro-D-galactose-2-sulfate, 3,6-anhydro-D-galactose-2,6disulfate Red sea weeds (Rhodophyceae) Furcellaran D-galactose, D-galactose-sulfate a , 3,6anhydro-D-galactose, 3,6-anhydro-D-galactose-2-sulfate, means carbohydrate polymers that escape digestion and absorption in the upper human intestine. However, they differ in the inclusion or not of synthetic or isolated compounds (i.e., not naturally part of food) and in the requirement of documented physiological health effects (and the type of physiological effect). In addition, several analytical procedures are available that differ in the types of carbohydrate that can be measured (Zielinski et al., 2013) . CODEX alimentarius published its definition of DF in 2009 (Codex alimentarius, 2010 . It states that "Dietary fiber means carbohydrate polymers with 10 or more monomeric units, which are not hydrolyzed by the endogenous enzymes in the small intestine of humans and belong to the following categories: (1) Edible carbohydrate polymers naturally occurring in the food as consumed, (2) Carbohydrate polymers, which have been obtained from food raw material by physical, enzymatic or chemical means and which have been shown to have a physiological effect of benefit to health as demonstrated by generally accepted scientific evidence to competent authorities, (3) Synthetic carbohydrate polymers, which have been shown to have a physiological effect of benefit to health as demonstrated by generally accepted scientific evidence to competent authorities." The CODEX definition left to each national authority to decide whether to include oligosaccharides with a degree of polymerization (DP) between 3 and 9 (Jones, 2014) . However, none of the analytical methods available so far is able to discriminate between DF with a DP < or > than 10 (Zielinski et al., 2013) and a cut-off at a chain length of 9 can be considered arbitrary since no abrupt change in physiological effect can be proved between DP 9 and 10 (Lupton et al., 2009) . By 2014, most countries (including EU) have included oligosaccharides with DP 3-9 into their definition of DF whereas US Food and Drug Administration is still awaiting a decision. CODEX also proposed a standardized method for the analysis of DF, i.e., AOAC method 2009.01jAACCI approved method 32-45.01 that is a gravimetric method coupled with HPLC analysis (AOAC, 2012) . A new method, AOAC method 2011.25jAACCI approved method 32-50.01 has the same performance of AOAC method 2009.01 but can also discriminate between soluble and insoluble DF. To date, these methods are the most inclusive methods of analysis for DF even though not absolutely comprehensive (Zielinski et al., 2013) . Whatever the definition used, DF refers to a chemically very heterogenous group of substances. DF may differ in the type(s) and relative content in monosaccharides constituents, the anomeric form of the monosaccharides (a or b), the type of chemical linkage between monosaccharides, the length of the linear polymer chain, the presence, distribution, and composition of branches attached to the linear chain. Based on the length of the linear chain, DF oligosaccharides with DP 3-9 and DF polysaccharides with DP 10 can be distinguished (Berlitz et al., 2009) . DF polysaccharides include resistant starch (RS) and non-starch polysaccharides (NSP). RS is defined as the fraction of starch that escapes digestion and enters the colon. Resilience to digestion in the upper intestine is not an intrinsic property for starch and for that reason RS that is measured analytically in a food may not coincide with the amount of indigested starch that enters the large intestine after a meal because the latter may depend on the meal composition, storage, and cooking conditions and physiological factors (Dhital et al., 2015b) . Lignin is not a carbohydrate but a heterogenous group of phenol polymers, which is included in all the DF definitions. In Table 1 , the chemical composition and the sources of the most common classes of DF is provided. Whereas oligosaccharides and starch have a primary role as energy reservoir in plants, NSP are almost always constituents of the plant (or fungal) cell walls. In addition to DF naturally occurring in food, isolated DF molecules or DF-rich ingredients can be added to food products for their technological properties, e.g., waterholding, texturizing, emulsifying, and stabilizing properties or to provide extra health benefits.
Physicochemical properties of DF
Certain physicochemical properties of DF are key to understand their behavior during digestion: particle size, solubility, hydration properties, and viscosity (Guillon and Champ, 2000) . DF solubility depends on its chemical structure and the interactions with water molecules. Linear DF that adopts ordered (semi)crystalline conformations in solution have limited solubility, e.g., cellulose. Branched DFs are less likely to form ordered structures in solutions and are therefore water-soluble. DF with charged and/or strongly polarizable groups (e.g., pectins) is generally water-soluble but solubility depends on pH and ionic strength of the medium. Based on their solubility in water DF is frequently classified in soluble (pectins, gums, oligosaccharides, etc.) and insoluble (cellulose, lignin, etc.) DF. Needless to say, this dichotomous distinction is arbitrary and does not reflect the vast range of solubility that can be found within DF also from the same class. Hydration properties refer to thermodynamics and kinetics of water absorption/desorption. It includes the swelling capacity, i.e., the volume occupied, after hydration under specified conditions, by a unit mass of DF, and water retention capacity (also expressed as water holding or water binding capacity depending on the way it is measured), i.e., the amount of water retained under specified conditions by a unit mass of DF. This water includes extra-particulate water, trapped between the DF particles and intra-particulate water, trapped within pores or surface of DF particles. The former depends on particle degree of compaction, i.e., on their size, shape, and elasticity. The latter depends on the total surface area of DF particles and that of intra-particle voids. Typically soluble DF has a much higher water holding capacity than insoluble DF. Viscosity is defined as the resistance to flow and DF has a varying capacity of producing viscous solution upon dissolution in water. This capacity strongly depends on DF molecular weight and concentration and is positively correlated to its solubility.
What food scientists should know about digestion physiology
Digestion is a complex physiological event that has evolved to ensure the most efficient absorption of nutrients from food. Digestion takes place in the GIT that can be thought of as an open-end canal that comprises oral cavity, esophagus, stomach, intestine (composed of duodenum, jejunum, and ileum), and large intestine (ascending, transverse, descending colon, rectum, and anus). A transversal section of the GIT is composed by the following tissues: mucosa, submucosa, muscularis mucosa, and serosa. The epithelium is the innermost layer of the mucosa, where most of the secretive, digestive, and absorptive processes take place. The epithelium is always covered in a thin layer of mucus, which has protective and mechanical functions. Secretive glands are associated with the GIT and supply water, digestive enzymes, hormones, and other components necessary for the digestive processes (protons, bile salts, etc.). The ab-oral progression of the food bolus through the GIT is provided by a highly coordinated wave-like movement known as peristalsis, which comprises contraction of the muscular mucosae behind the bolus and its relaxation in the section immediately after the bolus. Rhythmical contraction of small segments of the GIT provides mixing of the digesta. Oral processing is the first step in food digestion. During oral processing solid foods are mechanically disrupted to smaller particle, by means of chewing and biting. Food trituration allows the maximum extraction of nutrients from the ensuing digestion steps. Mixing with saliva contributes to turn non-flowing solid materials to a food bolus that can be swallowed and driven to the stomach by peristaltic movements of the esophageal muscles. Human saliva contains salivary amylase and lingual lipase that start the digestion of starch and lipid in the mouth as well as lysozyme, lactoferrin, and mucosal glycoproteins (mucins) (Humphrey and Williamson, 2001) . The amount of starch hydrolyzed in the mouth is significant (Hoebler et al., 1998) , but the extent of lipid hydrolysis in the mouth is negligible and its physiological significance is not clear (Kulkarni and Mattes, 2014) . In the stomach, food disintegration continues even further for the simultaneous action of acidic gastric juice, mechanical mixing, and the enzymatic activity of pepsin (a proteolytic enzyme) and gastric lipase. Stomach pH ranges from 1 to 3 in the fasted state but after food ingestion it can increase to 5-7 depending on the buffering capacity of the meal (Carriere et al., 1991) . Because of the low pH salivary amylase is denatured once entering the gastric environment whereas lipid hydrolysis can continue by the acid-resistant lingual lipase and gastric lipase. After gastric processing, food particles' sizes are in the order of magnitude of mm and the bolus is now referred to as chyme. The chyme is emptied from the stomach at a variable rate depending on the food ingested but it is usually complete after 150-180 minutes (N'Goma et al., 2012) . Liquid or poorly viscous fluids are emptied faster than solid foods. The small intestine is the main site for food digestion and nutrients absorption. Thanks to pancreatic juice containing bicarbonate salts, intestine pH increases to 5-7. Pancreatic juice contains a variety of enzymes for the digestion of starch, proteins, and fat. Macromolecules are broken down to component monomers, i.e., sugars, amino acids and peptides and fatty acids that are efficiently absorbed by a variety of membrane-bound brush-border transporters. Proteins and peptides are hydrolyzed by trypsin, chymotrypsin, elastase, carboxypeptidase. Starch is hydrolyzed by pancreatic a-amylase and the resulting oligosaccharides are further converted by membrane-bound a-glucosidase into glucose. Membrane-bound sucrase and lactase phlorizin hydrolase complete the hydrolysis of oligo-and disaccharides into monosaccharides. Lipids are hydrolyzed by pancreatic lipase (together with co-lipase in a complex), cholesterol esterase, and phospholipase A 2 . The resulting free fatty acids and lipophilic compounds (e.g., vitamin A, D, carotenoids, etc.) are incorporated in mixed micelles stabilized by bile salts (acting as surfactants) and unilamellar vesicles and absorbed through pinocytosis by the epithelial cells. Other nutrients and molecules are taken up by specific transporters or pass through the intestinal epithelium by passive diffusion. Human small intestine provides an absorptive surface of approximately 200 m 2 for the presence of the plicae circularis and villi as well as of the brush border on epithelial cells (Moffet et al., 1993) . Digestion of food is completed in the large intestine where what escapes absorption in the upper intestine (mainly DF) is fermented by the local microbiota. Short chain fatty acids are typical products of bacterial fermentation of DF in the colon. In the large intestine, some nutrient absorption can occur along with the re-absorption of a substantial amount of water from the chyme before faeces are expelled. Digestive processes (secretion of enzymes and other factors, gut motility) is governed by a series of complex neuro-hormonal pathways (summarized in Table 1 from Brownlee, 2014) that are controlled by luminal chemical profile and bulk. The former is sensed by specialized epithelial chemosensor entero-endocrine cells (Sternini et al., 2008) , and the latter by mechanoreceptors (stretch activated neural cells) occurring within the muscularis mucosa (Furness, 2000) .
Structural and chemical changes of DF during digestion
Despite the view of DF as an inert material in the GIT, it indeed undergoes structural and chemical changes that impact its behavior during digestion. A schematic picture of such changes can be found in Figure 1 . In vegetal tissues, DF is part of intact cell walls whereas DF-rich commercial preparation or ingredients occurs as particles of varying size, purity, and composition where DF can be still part of cell walls or isolated from it. During oral processing, the mechanical stress causes the cell walls to break open and to be reduced to smaller fragments. The level of fragmentation has a major impact on nutrients bioavailability as discussed in the next section. During passage through the stomach and the intestine, DF will absorb water and swell to a varying extent depending on its specific hydration property. Swelling is followed by partial solubilization of soluble DF from cell walls (fragments) and particulate material into the digestive fluids. Despite certain DFs are readily soluble when in isolated form, solubilization is limited when DF is still part of a cell wall structure because of strong chemical interactions with other cell wall components. Those interactions can become less strong as digestion proceeds. For instance, digestion of protein components of the cell wall, which are cross-linked to DF increases DF solubility (Robertson et al., 1997) . Thus, even if thermodynamically favored, the solubilization process may not be complete within the time scale of meal digestion. As effect of solubilization the amount of soluble DF in the liquid fraction of the GIT increases. Once in solution, DF molecules can remain disperse or aggregate to a varying extent producing colloidal particles (Ulmius et al., 2012) . Simultaneously, solubilization of DF from cell wall (fragments) alters the permeability of the cell wall to digestive fluids (see Section 6.1) whereas solubilization of DF material from particles may reduce their size (Hardacre et al., 2014) and change the particle surface and structure, e.g., increasing the inter-particles' voids and the intra-particles' pores and thus the hydration and binding properties of the remaining material. Beside structural changes, DF undergoes chemical changes in the upper intestine. By definition DF is resistant to hydrolysis by human digestive enzymes yet pancreatic lipase and other esterases might exert some hydrolytic activity toward methyl esters, O-acetyl esters, and N-acetylamide groups in DF molecules (Miller et al., 1995) . At the very low pH of the stomach, the glycosidic linkages between component monosaccharides and ester linkages can suffer acid hydrolysis. The stability of the glycosidic bond to acid hydrolysis depends on the sugars involved, the anomeric form of the sugar, the position within the molecule, and the presence of substituents on the sugar molecule (Berlitz et al., 2009) . In general, neutral polysaccharides are more stable at low pH compared to polyanionic polysaccharides (Smidsrod et al., 1966) . Based on a limited number of studies, it can be concluded In the stomach and small intestine, DF will absorb water and swell to a degree that depends on its chemical and structural properties which is followed by the solubilization of the soluble DF fraction. Acid hydrolysis in the stomach and ileum microbiota fermentation can occur in the upper intestine. Fermentable DF (both soluble and incorporated in cell walls and particles) is fermented in the large intestine leaving remnants made up of non-fermentable DF.
that DF largely retains its chemical structure during gastric digestion but some hydrolysis may occur, especially if gastric pH remains low. For instance, arabinose moieties may be limitedly released from arabinoxylans side chains but the xylan linear chain remains intact (Zhang et al., 2003) . In contrast, Mikhaleva et al.
(2011) reported a 7-18% of pectin hydrolysis after digestion at pH 1.9 for four hours. The hydrolysis resulted in release of reducing sugars and fragments of the pectin linear chain. Miller et al. (1995) also reported limited hydrolysis of ester bonds in spinach cell wall pectins, being the methyl ester groups more resistant of the O-acetyl groups at pH 1.8 whereas the opposite was observed at pH 8.8. In comparison to pectins and arabinoxylans, b-glucan is resistant to very low pH for long times (Johansson et al., 2006) . Moreover, a microbial community is harbored in the ileum, which also relies on carbohydrate fermentation as energy source. The fermentative activity of the ileum microflora is very intense in certain animals, e.g., pigs (Millar and Chesson, 1984) , but very little is known in humans. Studies on ileostomy patients suggest that a minor but significant fraction of DF can be degraded by the ileum microflora (Tornquist et al., 1986; Livesey et al., 1995; Sundberg et al., 1996) . Once in the colon DF undergoes a very intense fermentation by the local microbiota as described in the next sections. As an effect all the fermentable DF (both solubilized and incorporated in particles of colloidal size) is degraded leaving remnants and soluble non-fermentable DF molecules that are then expelled as waste.
The behavior of DF during digestion explains its healthy effect
The behavior of DF during digestion is key to understand its physiological effect. In the following sections, four aspects of such behavior are described. Clearly, the systemic health effect exerted by DF stems from a complex interplay between different mechanisms operating simultaneously. In Table 2 , the behavior of DF during each step of digestion and its physiological implications for human health is schematically described. The readers can use the table as a guidance through the following sections.
The cell wall DF and nutrient bio-accessibility
Dietary DF is mostly part of plant (and fungal) cell wall. The plant cell wall is a supramolecular structure that confers protection and rigidity to the cell and modulates its communication with the surrounding environment. The plant cell wall is made up of two distinct layers: a primary cell wall that forms during plant growth and a secondary cell wall that forms after plants have completed their growth. The most common structural model for plant primary cell walls described a network of cellulose fibrils-hemicellulose (xyloglucan, arabinoxylans, b-glucan, etc.) embedded in a network of pectins (Carpita and Gibeaut, 1993; Cosgrove, 2001) . Within this structure, cellulose and hemicelluloses function as a load-bearing structure, while pectin confers plasticity and controls the porosity of the cell wall. However, recent studies proposed a new paradigm for the cell wall structure, with a single network of pectin, cellulose, and hemicellulose (Dick-Perez et al., 2011) . In grains and seeds (but not in rice), cell walls are comparatively poorer in pectins and cellulose whereas arabinoxylans and b-glucans dominate (Burton and Fincher, 2014). Secondary cell walls are made up of a network of cellulose and lignin whereas pectins are low or absent (Pettolino et al., 2012) . Compared to primary cell walls, secondary cell walls are minor components of human diet. Pectins are also the main component of the middle lamella, a thin Reduction of colon transit time, laxation, reduced contact time of toxic compounds with colon mucosa Release of phenolic compounds Increased bioavailability in the large intestine layer that is responsible for the adhesion of adjacent cells in plant tissues. The chemical structure of the cell wall and its organization varies across plant species and across tissues within the same plant and is influenced by environmental and developmental factors (Boerjan, 2003; Ralph, 2010; Vanholme et al., 2010) . Cell wall structure and composition plays a pivotal role in the bioavailability of micro-and macronutrients from plant-based foods. In order to be available for absorption, intracellular compounds must pass through the physical barrier represented by the cell wall. If cells are still intact when ingested, they can efficiently encapsulate intracellular nutrients. Intracellular nutrients can still pass through pores in the cell wall but this may occur slowly and may be restricted by the pore size. Digestion of macromolecules can also occur inside the cells provided that digestive fluids can enter the cell.
The barrier effect exerted by the plant cell wall is the result of a very complex interplay between cell wall chemical composition and structure and modifications suffered upon digestion, as well as industrial, domestic, and oral processing ( Figure 2 ). Structural integrity of plant cell walls is largely retained during gastrointestinal digestion (Berg et al., 2012; Brummer et al., 2014; Edwards et al., 2015a) . However, minor chemical modifications to cell wall may occur when exposed to harsh gastric conditions (Miller et al., 1995) . Noah et al., (1998) reported distinctive changes in the cellular structure of white beans (Phaseolus vulgaris L.) containing digesta collected from ileostomy subjects after %12 hours of digestion. Hydration of the cell wall during digestion and solubilization of soluble components may change its structural organization. Mandalari et al. (2008) observed a two-fold increase in almond cell wall thickness Figure 2 . Effect of industrial, domestic, or oral processing and bio-availability of a generic intracellular nutrient/phytochemical. (a) In raw fruits and vegetables, a more intense mechanical grinding, milling, or chewing increases the fraction of fractured cells that are exposed on the particle surface and thus the nutrient bioavailability. (b) Upon thermal treatment (e.g., domestic cooking), cell wall structure and permeability changes and thus its barrier effect. A fraction of plant cells may lyse releasing their content in the digestive fluids or in the cooking medium, if any. Simultaneously, hydrolysis of pectins in the primary cell wall increases permeability to intracellular compounds whereas hydrolysis of pectin in middle lamella changes the fracture behavior of vegetal tissue, which may result in more cells intact upon chewing or grinding. upon 3 hours digestion and six-fold increase after 12 hours and suggested a possible facilitation of diffusion through the swollen cell walls. Tydemans et al. also reported swelling of cell wall in raw carrots tissues and solubilization of pectins. In raw fruits and vegetables, reduction of particle size by intense mechanical grinding, milling, or chewing increases the fraction of fractured cells that are exposed on the particles' surface ( Figure 2a ). This explains the inverse relationship between food particle size and bioavailability that is frequently reported. Upon thermal treatments changes in the chemical structure of the cell wall material occur (Figure 2b) . At higher temperature, the b-eliminative hydrolysis of pectins is accelerated and a significant amount of pectins is solubilized from the cell wall and middle lamella. The solubilization of pectins from middle lamella would change the cell wall strength in relation to the strength of cell-cell adhesion and thus the fracture behavior of plant tissue upon sub-sequent mechanical and oral processing (Waldron et al., 2003; Tydemans et al., 2010) . In raw crunchy fruits and vegetables where cell adhesion is quite strong, tissue fracture occurs mainly through cell walls. In this case, under mechanical stress or oral processing the number of fractured cells is relatively high. In mealy fruits or in fruits and vegetables after thermal treatment, cell adhesion is weakened and tissue fraction would occur mainly along cell walls, producing, upon mechanical stress, clusters of intact cells. On the other hand, the solubilization of pectins (and possibly of other constituents of the cell wall) may increase the permeability of the cell wall by increasing the cell wall pore size. Aribas-Agusti et al. (2015) proved that permeability of carrot cell wall toward molecules of limited size is enhanced after heat treatment because of the solubilization of native pectin. Lemmens et al. (2010) clearly demonstrated that whereas particle size is a limiting factor for b-carotene bioaccessibility in raw carrots, the effect is partially or completely lost upon gentle (three minutes) and intense (25 minutes) boiling, respectively, i.e., b-carotene was efficiently released also from large particle size because of the solubilization of cell wall pectin. In addition, thermal treatments are also accompanied by cell lysis as a consequence of the pressure generated within the cell by steam. In the light of this complex interplay between integrity and permeability, it is difficult to predict the effect of thermal treatments on nutrient bio-accessibility in plant-based foods. Incidentally, during maturation/ripening, solubilization of pectins by enzymes pectin methyl esterase (PME) and polygalacturonase (PG) can also change fracture behavior of the plant tissue and cell wall permeability. Despite an effect of the fruit/vegetable maturity/ripeness stage on bio-accessibility can be easily envisaged, this issue has not been addressed in the scientific literature so far.
The barrier effect of cell walls on bioavailability can be either beneficial or detrimental depending on the nutrient. In raw almond, when constrained in intact cells lipids body cannot be efficiently emulsified and digested compared to extracellular lipids, which greatly reduced almond caloric content (Ellis et al., 2004; Mandalari et al., 2014; Grundy et al., 2015a Grundy et al., , 2015b . Transmission electron microscope (TEM) micrographs of almond pieces collected from ileostomy patients showed loss of intracellular fluids in the five most adjacent cell layers to the fractured surface of the almond particles after %12 hours of small intestinal digestion (Mandalari et al., 2008) . Conversely, after three hours of vitro digestion of almond particles, only lipid digestion from the layer of fractured cells on the particles surface was observed. Based on this observation, Grassby et al. (2014) have developed a theoretical model to predict the bioaccessibility of lipids from almonds from particle size distribution of almond after chewing/grinding. The theoretical model was developed from simple geometrical principles and correlates the amount of nutrient released from the almond matrix to the total area of ruptured cells exposed on the surface of almond particles. Studies on ileostomy patients have also shown that starch locked up into intact cells is digested more slowly compared to free starch in wheat endosperm (Edwards et al., 2015a) and barley meals (Livesey et al., 1995) , which is beneficial for the management and prevention of diabetes. However, the amount of resistant starch was unaffected in wheat endosperm (Edwards et al., 2015a) . The microscopic analysis of 10 hours digesta of wheat endosperm meal showed that starch is digested even in apparently intact cells, which demonstrates the permeability of the cell walls to pancreatic a-amylase. Intact cells also hinder starch hydrolysis in legume/ pulses (Berg et al., 2012; Brummer et al., 2014) , which explains their relatively low glycemic index. The barrier effect to mass transfer may not be the sole cause for the partial and slowed starch digestion. When constrained within intact cells, starch granules are tightly packed compared to gelatinized starch leached out from broken cells. This reduces the effective surface for hydrolysis (Berg et al., 2012) . Furthermore, a rigid cell wall may limit the degree of gelatinization of starch upon cooking, which makes it more resistant to digestion. Edwards et al. (2015b) have demonstrated that chickpea starch is only partially gelatinized during hydrothermal processes and the degree of gelatinization highly correlate with the degree of starch hydrolysis. This effect was not seen in wheat particles, likely because wheat cell wall imposes less restriction to water and heat transfer and thus to starch gelatinization. Cell wall integrity has also been demonstrated to limit bio-accessibility of nutrients/phytochemicals, which has a detrimental effect on health. This has been demonstrated for instance for b-carotene in carrots (Bengtsson et al., 2010; Lemmens et al., 2010; Tydemans et al., 2010; Netzel et al., 2011; Moelants et al., 2012) and mango (Low et al., 2015) and lycopene in red carrots (Palmero et al., 2013) as well as for proteins (Melito and Tovar, 1995) .
Finally, it must be remembered that nutrients that have escaped absorption in the small intestine because encapsulated in intact cells can be released in the large intestine upon fermentation of cell wall material by the local microbiota. Some (but not all) of these compounds, e.g., polyphenols, may be absorbed by the colon epithelium as such or after conversion by microbiota. The interrelations between plant cell wall composition, effect of processing, microbial fermentation, and bioavailability in the large intestine is an issue that warrants further investigation in the future.
DF and the physical state of digesta
Interaction of DF with digestive fluids and other dietary components contributes to shape the colloidal state and the rheological properties of the digesta. Among these properties viscosity has been the most thoroughly investigated. The capacity of certain DF to produce viscous solutions in aqueous media is considered the major mechanism behind the capacity of soluble DF to lowering post-prandial blood glucose (Jenkins et al., 1987; Dikeman and Fahey, 2006; Scazzina et al., 2013) and serum cholesterol (Jenkins et al., 1975; Brown et al., 1999; Vuksan et al., 2011) . Increasing digesta viscosity would change the digesta flow regime within the GIT from turbulent to laminar impairing an efficient mechanical mixing of digesta with digestive fluids and nutrient transport from the GIT lumen to the mucosa. Furthermore, an increase in the viscosity of the unstirred water layer at the surface of the mucosa would slow down the diffusion of nutrients (Eastwood and Morris, 1992; Wursch and Pi-Sunyer, 1997; Malkki, 2001) . Increased viscosity in the stomach would slow down gastric emptying and thus the rate of nutrients' appearance in the small intestine. Which mechanism is actually responsible for the observed effect on glycaemia and blood cholesterol is still controversial (Jarijs et al., 1984; Edwards et al., 1987; Leclere et al., 1994) . Recent data from in vitro models of digestion point at a modest decrease in starch hydrolysis rate and diffusion coefficients for glucose (1.5-2.5 times) against a 100-fold increase of digesta viscosity and suggest the delay of gastric emptying as the major mechanism contributing to the lowering of post-prandial glycaemia (Dhital et al., 2014) . It is also apparent that the relationship between viscosity and enzymatic/absorptive processes is not always linear. Hardacre et al., (2015) have measured the evolution of apparent viscosity of digesta upon in vitro small intestinal digestion of gelatinized starch/guar gums mixtures and reported that the rate of starch hydrolysis did not slowdown in parallel to a decrease of digesta viscosity (caused by progressive digestion of starch). An increased digesta viscosity may also impair the efficiency of emulsification in the small intestine, which produces less and smaller lipid droplets upon mechanical mixing (Pasquier et al., 1996) , which reduces bioavailability of lipophilic compounds. It has been also suggested that the delayed and reduced absorption of nutrients in the duodenum and jejune may contribute triggering the ileal break in the distal ileum, i.e., a feedback mechanism that results in inhibition of proximal gastrointestinal motility and secretion, which induces feelings of satiety and reduces ad libitum food intake (Maljaars et al., 2009) .
Upon consumption of a standard meal, digesta consists of a suspension of particulate matter in a fluid phase that becomes increasingly less fluid as the chyme proceeds toward distal intestinal segments as a result of the progressive absorption of water. Hence, the behavior of digesta changes progressively from that of a pseudoplastic fluid, which viscosity depends on the liquid fraction and the concentration, shape, size, and buoyancy of the particulate matter, to that of a particulate aggregate, which properties depend mostly on the mechanical properties of the solid elements (Lentle and Janssen, 2008) . Since whole digesta viscosity is higher than viscosity of digesta liquid fraction, viscosity of digesta increases along the GIT. DF can increase the viscosity of digesta by both increasing the viscosity of its liquid fraction and by affecting the physical properties of the digesta particulate material. The capacity to increase viscosity of digesta liquid fraction is typical of soluble DF such as pectins, gums, arabinoxylans, and b-glucans and depends on several factors. The first is DF chemical structure. In general, rigid or rod-like polymers that occur in solution as extended molecules have higher viscosity than polymers of equivalent molecular mass, which exhibit a more compact conformation. This is because viscosity reflects the effective volume of the polymer in solution, i.e., the volume of a sphere which diameter is equal to the longest dimension of the macromolecule. In this respect, branched polymers tend to have a smaller effective volume than linear polymers of equivalent mass (Berlitz et al., 2009 ). For the same reason, high molecular weight (HMW) polysaccharides produce more viscous solutions than their corresponding lower MW depolymerization products. Depolymerization of DF can occur during food processing. Pectins are hydrolyzed upon thermal treatments. b-glucan can be also partially hydrolyzed during baking, partially losing its viscosity upon bread baking (Jaskari et al., 1995) . Cereals b-glucanase can hydrolyze b-glucan during dough mixing and proofing thus reducing viscosity of final bakery products (Izydorczyk et al., 2000) . When extracted from different sources and with different extraction procedures, DF molecules of the same class may largely vary in MW. Differences in the chemical structure for DF from the same class may also generate differences in viscosity. For instance, viscosity of pectin solutions decreases with the DM (Yoo et al., 2006) . Arabinoxylans extracted from different lines of rye may produce solutions with substantial different viscosity, which is related to their MW and to the degree of branching (Ragaee et al., 2001) .
The viscosity of a polysaccharide solution is also related to its concentration and often increases with its concentration with a power-law relationship (Berlitz et al., 2009) . When the concentration is lower than the overlap concentration, c Ã (concentration at which the polysaccharides chains begin to overlap), viscosity increases little with c whereas at c > c Ã viscosity steeply increases with c. Dilution of DF with digestive fluids will therefore reduce (often dramatically) viscosity of a DF solution but this effect varies with the DF type (Edwards et al., 1987) . Fabek et al., (2014) reported that only xanthan gum was able to significantly retain its viscosity after mixing with digestive fluids compared to other gums (locust bean, guar, fenugreek, and flaxseed). The level of dilution may vary within certain range depending, e.g., on the level of secreted digestive fluids (which depends on meal characteristics) and amount of water consumed at meal. In addition, DF concentration in the liquid fraction of digesta depends on the amount that solubilizes from particulate material and solubilization can be only partial (see Figure 1 ). For instance, solubility in the intestinal fluids of b-glucan from fine barley flour is higher than in coarse barley flour (Lazaridou et al., 2014) . The viscosity of charged polysaccharide solutions also depends on ionic strength and pH of the solution. At higher ionic strength, the electrical charges are more shielded and a charged polymer may adopt a more compact or globular conformation in solution. At lower ionic strength, the negative charges tend to increase their relative distance and the polymer takes on a more linear conformation, which increases its effective volume and thus the viscosity of the solution. Ionic strength of digestive fluids is known to vary among individuals and also among days within the same individual (Lindahl et al., 1997) and an additional source of variation is expected from the diet. Similarly, pH changes the ionization of charged groups, which impacts on the polymer conformation, e.g., polyanions are expected to produce more viscous solutions at neutral than acidic pH. Interactions with other dietary components are also crucial. After a typical meal, several different DF polysaccharides may occur in the GIT and this may have synergic or antinergic effect (Edwards et al., 1987; Pal, 1996) on viscosity. The same holds true for interactions with other dietary biopolymers such as proteins (Schmidt and Smith, 1992; Berlitz et al., 2009) . At relatively high concentrations, a mixed DF/proteins solution may phase separate because of thermodynamic incompatibility among biopolymers and the rheological behavior of the resulting system may differ significantly from that of individual phases (Bourriot et al., 1999) . It has been hypothesized that chyme may exist as a phase separated system of protein dispersed particles in a continuous gel-like phase containing the polysaccharides (Tolstoguzov, 2000) . This phase separation might have an effect on enzymatic digestive processes also because of the potential distribution of reactants and enzymes between phases (Li et al., 2002) .
The capacity of DF to change the physical properties of the digesta particulate material depends on its ability to change the disintegration kinetics of foods or the size distribution of digesta particles, e.g., by gluing together food particles or by contributing itself to the insoluble particulate material. In this respect also insoluble DF may increase digesta viscosity and slow down nutrients absorption, as reported, e.g., for crystalline cellulose (Takahashi et al., 2005) , wheat bran particles (Sakata et al., 2007; Hardacre et al., 2015) , or wood particles (Hardacre et al., 2015) . The way of administration of DF, whether in its native cell wall form, as purified compound incorporated in food or co-digested with other food in a complete meal will therefore differently affect the viscosity of digesta but this has been poorly investigated. Viscosity of in vitro digesta of alginate is two-fold higher than when an equivalent amount of alginate is either incorporated or co-digested with bread (Houghton et al., 2015) . When isolated DF is formulated into food, additional mechanisms can contribute to explain the observed effects on nutrients absorption beside viscosity. In bread and pasta, DF can form a physical ''barrier" around the starch granules that impairs access to a-amylase (Brennan et al., 1996) but may also alter the gluten network in such a way to protect or expose (depending on formulation) the starch granules to a-amylase (Foschia et al., 2015) . Finally, viscosity also depends on the shear rate applied, being lower at higher shear rates and dependence from shear rate depends on the polysaccharide concentration. The solution behaves as a Newtonian fluids at c < c Ã , i.e.. the deformation is proportional to the applied shear rate at each shear rate and as a shear-tinning fluids at c > c Ã , i.e., the deformation decreases as the shear rate increases. Since digesta are likely exposed to variable shear rates during transit along the GIT, viscosity is expected to vary locally.
Some DFs are also able to form gels under the physiological conditions of the GIT. Gels are solids, which consist of polymers cross-linked to form an interconnected network immersed in a liquid medium, typically water (Oakenfull, 1987) . From a rheological standpoint, gel is a viscoelastic system with a storage modulus (G') larger than the loss modulus (G") (de Vries, 2004). The gelation properties of DF hydrocolloids has been studied mostly in the gastric environment and poorly investigated under small intestinal conditions, even though there are evidences that b-glucan and chitosan may form gels there (Rodriguez and Albertengo, 2005; Ulmius et al., 2012) . Gelation of the gastric content has been reported to enhance satiety and reduce the rate of gastric emptying (Hoad et al., 2004) . The gelation mechanism that is of interest here is the ionotropic gelation of anionic polysaccharides, i.e., gelation triggered by cross-linking of anionic polysaccharides by cations, mainly calcium ions. The gel properties may depend on the polymer concentration, its molecular structure (e.g., DM of pectin), pH and time of exposure, and the concentration in cations, mainly calcium ions (Norton et al., 2007) . Gelation kinetics and gel mechanical properties are equally important for the physiological effect. Gel has to resist the mechanical stress exerted by the stomach. Moreover, gel formation should be fast enough to allow the gel structuring in the stomach but slow enough to allow most of the gastric content to be incorporated in the gel. Once formed, the gels should also retain their physical properties upon variable exposure to gastric acidic fluids. A typical example of DF that forms gels in the stomach is alginate. However, its gelation in the stomach is too fast and the gel properties are too sensitive to gastric conditions (Hoad et al., 2004; Norton et al., 2011) . An alternative to alginate is represented by gellan gum, a complex bacterial polysaccharide, and pectins (Norton et al., 2007; Spyropoulos et al., 2011) . Gastric gelation of DF hydrocolloids can also be modulated by other dietary components. It has been showed that a mixture of whey protein and pectin at pH<PI of the protein is able to form an intragastric gel at much lower polysaccharide concentrations because of the electrostatic interactions between anionic polysaccharides and cationic proteins, although no gelation was observed in a single biopolymer system (Zhang et al., 2014a) . Also xanthan gum and carragenans are able to form gels upon mixing with gastric juices and whey protein isolates (Zhang et al., 2104b) and gel strength was stronger for carragenans/ whey protein mixtures likely because of the higher negative charge of the carragenans. Blending of different polysaccharides may also offer an alternative option for the modulation of intragastric gelation. Gelation induced by some DF hydrocolloids may be a suitable strategy to control satiety and nutrient intake for simple liquid or soft food but its efficacy on complex food or complete meals should be proved.
Another effect of DF concerns the effect on lipid emulsion stability. Due to their water insoluble nature, dietary lipids have to be emulsified to be digested and this occurs in the stomach and in the duodenum by means of mechanical mixing combined with the emulsifying activity of bile salts and other endogenous or dietary surfactants (e.g., phospholipids). This emulsification results in lipid droplets which size ranges between 10 and 50 mm (Pasquier et al., 1996) . Since gastric and pancreatic lipases act at the interface between the oil droplets and water, the higher the amount of emulsified lipids and the smaller the droplet size the higher is the water/lipid interface and the higher the lipolysis rate. Controlling the rate of lipid digestion can be used as a strategy to reduce obesity and the incidence of other fat-rich diets related diseases. DF polymers can either stabilize or destabilize emulsions in the gastric and duodenal compartments depending on DF type, concentration, presence of other biopolymers in solution, pH, and ionic strength, and the nature of the emulsion-stabilizing surfactant, in a very complex interplay that has not been completely elucidated (Figure 3 ). For instance, DF can destabilize emulsions by promoting extensive depletion or bridging flocculation of the fat globules. Depletion flocculation is a phenomenon first described by Asakura and Oosawa (1954) . In the presence of polymers that do not interact nor absorb on droplet surface, a depletion zone is formed around the lipid droplets that is sterically inaccessible to the polymers. In such a zone, the concentration of the polymers is lower than in the bulk of the dispersed phase. In such conditions, it is thermodynamically favorable for the droplets to coalesce so as to reduce the depletion zone and "dilute" the polymer in the bulk. A depletion flocculation mechanism to explain the effect of DF on lipid digestion was first proposed by Minekus et al., (2004) who observed that partially hydrolyzed guar gum reduced lipolysis rate and absorption of cholesterol from full-fat yoghurt. When DF irreversibly absorbs on the droplet surface forming a stable thick layer, approaching droplets will repel each other (steric repulsion), which results in stabilization of the emulsion. This may be counteracted by the fact that absorption of DF to the droplet interface may hinder the access of lipase to the fat globules. Bridging flocculation requires instead that the polymer reversibly absorbs to droplets surface forming a dilute or incomplete absorbed layer. When this happens multiple droplet can bridge together, which promotes their flocculation. Beysseriat et al. (2006) showed that, at neutral pH of the small intestine, positively charged chitosan can destabilize corn oil in water emulsion stabilized by tween by adsorbing on the surface of negatively charged droplets and inducing their coalescence through a bridging flocculation mechanism. Instead, negatively charged pectin cannot adsorb onto lipid droplet but is able to destabilize the emulsion by inducing depletion flocculation. Espinoza- Ruiz et al. (2016) also reported increased coalescence of corn oil in water emulsions stabilized with tween 80 in the presence of pectins extracted from banana passion fruit and corresponding decrease in the rate of lipid digestion. The depletion attraction induced by pectin molecules increased as the MW and the total electric charge (which depends on pectin DM as well as ionic strength and pH of the medium) of the pectin molecules increases with the molecular weight being a much more important factor than DM. Beside pectin, also methyl cellulose is able to induce substantial depletion flocculation of tween stabilized corn oil/water emulsions at high concentrations (Espinal-Ruiz et al., 2014a) .
Binding properties of DF
DF polysaccharides may non-covalently bind, adsorb, or entrap other dietary components during transit along the GIT and this capacity can also explain its physiological effect. The first relevant case is the binding with phenolic compounds. Phenolic compounds (henceforth PC) are plant secondary metabolites constituted by one (phenolic acids) or multiple (polyphenols) phenol rings. The number of rings, their linkage, and the number and type of functional groups attached to them define different classes of PC. PC, especially polyphenols, have raised interest because of their potential antioxidant (Hertog et al., 1993), anti-estrogenic (Yuan et al., 2007) , anti-inflammatory, immunomodulatory (Ruiz and Haller, 2006; Park et al., 2007; Ruiz et al., 2007) , cardioprotective, and anti-carcinogenic (Ganry, 2002; Liu, 2004) activities. PCs have mainly intracellular localization in intact plants whereas some phenolic acids are covalently bound to arabinoxylans, lignin, and pectins of the cell wall. These latter must be considered as structural part of DF (Vitaglione et al., 2008) and will not be considered here. Non-covalent complexes between DF and PC may already form in the food product during processes that break down cells and release the intracellular content, e.g., after blending or pureeing. The amount of PC bound to DF varies according to DF content and composition, processing, PC content of food, and storage time. Complexes may also form in the mouth as soon as PCs are released from broken cells upon mastication or even in the GIT.
The nature of the non-covalent interactions between DF and PC has been thoroughly reviewed (Bordenave et al., 2014; Jacobek, 2015) . The interactions between DF and PC may be hydrogen bonding and electrostatic interactions but also hydrophobic interactions. Under specified conditions, the amount of PC that bounds to DF depends on DF and PC type. Moreover, since absorption is a surface phenomenon, the amount of PC bound would also depend on the total surface of DF, i.e., it would be inversely proportional to DF particle size (le Bourvellec and Renard, 2005a) . Since most of DF is ingested as cell walls, the interaction between PC and plant cell walls is of particular importance. Studies on apple polyphenols have found that the interactions mainly involve pectins through ionic interactions and increase with the PC MW (Le Burvellec et al., 2005a , 2005b . Padayachee et al. (2012a) have investigated the interactions of cell wall analogs (in the form of bacterial pectin-cellulose composites) with anthocyanins (a class of polyphenols) and phenolic acids. The authors reported a two-steps mechanism of binding. The first step is very quick (few seconds) and resulted in up to 18% of anthocyanins bound at neutral pH. Binding ability was slightly higher for non-acetylated compared to acetylated anthocyanins. The second step occurs slowly through unspecific stacking of anthocyanins on pectin-cellulose composites. Pectins seem to bind relatively higher amount of anthocyanins through hydrogen bonding or electrostatic interactions, compared to cellulose that binds PC through hydrophobic interactions. The same two-step mechanism was described by the same authors in the case of cell wall/phenolic acid interactions (Padayachee et al., 2012b) . Cellulose seems more important than pectin in binding phenolic acid probably due to the electrostatic repulsion between negatively charged pectin and phenolic acids and no differences were found among phenolic acids. The interactions between isolated DF molecules and PC have been also investigated. Phan et al. (2015) reported that the binding capacity of cellulose for PC can be as high as 0.6 w/w depending on pH and PC concentration and is relatively fast. b-glucans has also been studied in much detail. The interactions between tea PC (catechin, epicatechin, epigallocatechin, and epigallocatechin gallate) and b-glucan mainly involve hydrogen bonding (Wu et al., 2011a; Gao et al., 2012) and oat b-glucan is able to bind not < than 40 mg/g at body temperature (Wu et al., 2011b) . These interactions do not depend on b-glucan structure but rather on the level of hydroxylation, glycosylation, and galloylation of PC. From a physiological perspective the stability of pre-formed complexes to digestion is as important as the kinetics and thermodynamics of complexes formation in food but this has been poorly investigated so far. Since the dissociation of DF-PC complexes is an endothermic process, complexes pre-formed in food will partially dissociate when exposed to body temperature. Analogously, when the interactions between DF and PC are electrostatic, i.e., through charged or ionizable DF and PC functional groups, during residence in the stomach the relatively low pH is expected to favor dissociation because of reduced charge on DF and PC molecules. Padayachee et al. (2013) showed that the amount of PC released from cell wall analogspolyphenols/phenolic acid complexes after gastric and small intestinal in vitro digestion is very limited (<2%).
The physiological implications of DF-PC interactions are multiple. First, they modulate PC bioavailability. When absorbed to DF, PP will escape absorption in the small intestine but can be released upon fermentation of the carrier DF in the colon and absorbed therein as such or prior modification. It has been hypothesized that such transportation of PC to the lower gut is a major physiological function of DF (Saura-Callixto, 2011) and has been estimated that 50% of dietary PC are transported to the lower gut by DF (Saura-Callixto and Goni, 2006) . Furthermore, when bound to DF, labile PC can be protected along passage through the GIT. For instance, anthocyanins are unstable at neutral pH of the small intestine, which contributes to their very low bioavailability in vivo. When absorbed on soybean flour or soybean proteins, anthocyanins are more stable at neutral pH and body temperature compared to free anthocyanins (Roopchand et al., 2012; Ribnicky et al., 2014) . It is plausible to assume that interactions with DF may be as effective in protecting PC as protein-PC interactions. The second physiological consequence of DF-PC binding is that they may modulate PC biological activity. Since PC remains in the large intestine for relatively long time, they are able to quench the reactive radicals contributing to keep a reducing environment therein. In addition, several PC possesses inhibitory activity toward pancreatic enzymes (He et al., 2007; McDougall et al., 2008; Williamson, 2013) . The interactions between DF and PC would reduce the amount of PC that can interact with digestive enzymes thus reducing their efficacy. This has been actually demonstrated in ternary systems procyanidins/trypsin/DF (Gonçalves et al., 2011) and in ternary systems procyanidins/a-amylase/DF (Soares et al., 2012) where the presence of DF increased the amount of free enzyme because of competition of procyanidins with DF.
The second relevant binding phenomenon involving DF is with bile acids. Bile acids are steroic acids synthetized in the liver and secreted with the bile. Taurocholic acid, glycocholic acid, taurochenodeoxycholic acid, and glycochenodeoxycholic acid are the most abundant bile acids in the human bile and are known as primary bile acids. Deoxycholic acid and litocholic acid are products of bacterial fermentation of bile acids in the large intestine and are known as secondary bile acids. Bile acids are essential for the emulsification of dietary lipids, formation of mixed micelles, and proper digestion and absorption of lipophilic compounds. The binding between DF and bile acids has important implications. First, it will facilitate the elimination of bile salts in the faeces, which is thought to be one of the major mechanisms for the cholesterol lowering effect of DF. Approximately 95% of parent bile acids and their bacterial metabolites are efficiently re-absorbed in the distal part of the small intestine in a process known as enterohepatic circulation, transported to the liver and used therein for the synthesis of new bile acids. When bound to DF bile acids escape re-absorption in the small intestine and the liver must use endogenous cholesterol to replenish the bile acids pool thus lowering the level of circulating cholesterol. In vivo studies have repeatedly demonstrated an increased excretion of bile salts in the faeces after administration of DF (Arjmandi and Reevesm, 1992; Lia et al., 1995; Madar and Stark, 1995) . However, the anticholesterolemic effect of certain DF can be also ascribed to other mechanisms as reviewed by Gunness et al., (2010a) . Second, the binding to DF would make bile acids unavailable as surfactants in the small intestine thus disturbing lipid emulsification, formation of mixed micelles, and the complete digestion of lipids and their absorption. This may result in lower levels of circulating triglycerides but also to a reduced bioavailability of lipophilic nutrients.
The exact nature of the interactions between DF and bile acids depends on the DF and bile acid chemical structure. Lignin is known to be an excellent absorbent of bile acids (Kosikova et al., 2002) . The binding capacity has been ascribed to hydrophobic interactions since it increases with acidity, degree of methylation of lignin, and hydrophobicity of the bile acid (Eastwood and Hamilton, 1968) . Cellulose is reported to have a lower binding capacity compared to other DF classes (Story and Kritchevsky, 1976; Vahouny et al., 1980) but cellulose ethers are more effective than cellulose. Cellulose ethers bind via hydrophobic interactions with bile acids and the affinity is higher for more hydrophobic bile acids and for hydroxypropyl and hydroxypropylmethyl cellulose (Torcello-Gomez et al., 2015) . Among soluble DF, b-glucan supplementation is known to increase the faecal excretion of bile acids (Lia et al., 1995; Ellegard and Andersson, 2007) but the actual mechanism behind the effect may be not (only) related to its bile acids binding capacity. Removal of b-glucan from oat flour is known to reduce the amount of bile acids bound in vitro (Sayar et al., 1996) but a study by Bowles et al. (1996) using solid state 13 C NMR could not find evidences of molecular interactions between glycocholic acid and barley b-glucan. Moreover, HMW b-glucan is able to lower cholesterol more than an equivalent amount of low molecular weight (LMW) b-glucan (Malkki et al., 1992; Wolever et al., 2010) , which suggests a substantial contribution from b-glucan ability to form viscous solutions in the GIT (see previous section). However, recent evidence has been provided of dynamic and transient interactions between b-glucan and taurodesoxychenocolate by using 13 C NMR and 1 H¡ 13 C NMR (Gunness and Gidley, 2010b; Mikkelsen et al., 2014) . Guar gum also increases the faecal excretion of bile acids and repeatedly showed hypocholesterolemic effect in vivo as reviewed by Butt et al., (2007) . Vahouny et al. (1980) have reported binding capacity for guar gum equal or even higher then lignin depending on the bile acid. Similarly to b-glucan, the hypocholesterolemic effect of guar gum may be partially ascribed to its viscosity. Cholesterol lowering effect of pectin is also long known and has been reviewed previously (Reiser 1987; Brown et al., 1999; Theuwissen and Mensink, 2008) but this capacity greatly varies depending on pectin structure, e.g., substantial differences between pectins extracted from different sources or different fractions from the same source have been reported (Rubio-Senent et al., 2015) . Chitosan, a cationic polysaccharide is also able to bind to negatively charged (at neutral pH) bile acids (Thongngam and McClements, 2005) . The interaction between chitosan (or chitin) and bile acids may also occur at the water/oil interface, i.e., chitosan can adsorb on bile acids-stabilized lipid droplets, effectively inhibiting the access of lipase to its substrate (Han et al., 1999; Tsuijta et al., 2007) . Apart from DF and bile acids molecular structure, the surface area of DF is another key factor in determining the extent of binding, i.e., the higher the surface area, the higher the amount of bile salts bound on DF at equilibrium (Huang and Dural, 1995) . Moreover, DF incorporated in cell wall may bind bile acids less efficiently than purified DF in solution. In vitro binding capacity of lignin fractions extracted from olives stones decreases when lignin is intertwined with cellulose in the "native" cell wall setting (Rodriguez-Gutierrez et al., 2014) . Incorporation of DF in food and the presence of additional dietary components in a complete meal may also alter the binding capacity determined under relatively "clean" conditions. For instance, incorporation of DF did not increase the binding capacity of control cookies and muffins (Dziedzic et al., 2015) .
Another important property of DF is the capacity to bind mineral ions. The issue has been recently reviewed (Baye et al., 2015) . This capacity has been showed in several in vitro studies (Ismail-Beigi et al., 1977; Fernandez and Phillips, 1982; Debon and Tester, 2001; Bosscher et al., 2003; Miyada et al., 2011) . The interactions are essentially electrostatic and involve primarily divalent cations rather than monovalent cations (Espinal-Ruiz et al., 2014b) . Carboxylic groups of, e.g., pectins, alginate, gums, and carboxymethyl cellulose are the main functional groups involved but the sulfate groups of carragenans may also be involved. Debon and Tester (2001) reported that pectins, xanthan gum, and carragenans have higher affinity toward divalent cations than agar and guar gum. Furthermore, low methoxylated pectins bind more mineral ions than high methoxylated pectins because of the higher number of carboxylic acid moieties (Nair et al., 1987) . However, cellulose and lignin also are reported to bind a certain amount of cations even though they do not possess acidic moieties but only ionizable hydroxyl groups. pH of the medium obviously affects the binding properties of DF. The ion exchange capacity is obviously higher at neutral pH of the small intestine compared to the lower pH of the stomach because of the higher proportion of charged acidic groups. Ionic strength of the digestive fluids has also to be taken into account. Schlemmer et al. (1989) reported that at ionic strength % 0.1 pectins and gums do not bind divalent cations. It must be underlined that, when non-purified DF is considered, the binding capacity may relate to the variable amount of co-passenger compounds, such as phytic acid, organic acids, and polyphenols, which have known mineral binding capacity. The consequences of the interaction of DF with minerals are multiple. First, it may impair their bioavailability. However, in vivo studies have reported contradictory results (Baye et al., 2015) . This may have several explanations:
(1) DF fermentation in the colon may release bound minerals making them available in the large intestine. In this respect, it is interesting to note that acetate and propionate (typical fermentation products of DF in the colon) may enhance the absorption of calcium in the colon (Scholz-Arendt et al., 2007) , (2) as cation exchanger, dietary anionic DF is provided in the diet as salt which counterions have to be considered in the mineral balance (Debon and Tester, 2001) . Sequestration of calcium ions by DF may also impair lipid digestion and absorption. Calcium ions are important cofactors of pancreatic lipase activity (Whayne and Felts, 1971) . Formation of calcium salts of free fatty acids is essential for fatty acids removal from the lipid droplet surface, which otherwise would hinder access to lipase to the droplet (Zangenberg et al., 2001) .
Several DF can inhibit the catalytic activity of digestive enzymes by interacting directly with the enzyme at molecular level. Those interactions (either electrostatic, hydrogen bonding, or hydrophobic) can alter enzyme conformation and therefore its catalytic activity. Alternatively, DF can compete for the active site of the enzyme with the enzyme natural substrate. Alginate and pectins are known to inhibit pancreatic lipase. The mechanism of pectin inhibition has not been elucidated completely. It has been suggested that pectin can form a complex with the enzyme that inhibits the binding with lipid droplets but also protonation of lipase active site by carboxylic acid residues of pectin, which would also explain the higher inhibition observed for low methoxylated pectins (Isaksson et al., 1982; Kumar and Chauhan, 2010) . A similar mechanism has been hypothesized for alginate that also possesses carboxylic groups. For alginate, the inhibitory activity increases with the ratio between guluronic acid blocks and mannuronic acid blocks (Wilcox et al., 2014) . Interestingly, alginate is able to inhibit pepsin but not trypsin and the inhibitory activity against pepsin is inversely correlated with the ratio guluronic acid blocks and mannuronic acid blocks (Strugala et al., 2005) . This selective inhibition may be explained by the formation of electrostatic complexes between positively charged pepsin and (partially) negative charged alginate in the stomach, which would not form in the small intestine. Inhibitory activity of DF has been described also toward a-amylase. Guar gum is able to form a complex with a-amylase that renders the enzyme inactive (Slaughter et al., 2002; Hardacre et al., 2015) . A specific inhibitory effect has been also recently reported for cellulose on a-amylase (Dhital et al., 2015a) and for fucoidan (a bioactive sulfonated polysaccharide found in brown algae) on a-amylase and b-glucosidase (Kim et al., 2014) . In the former case, the authors hypothesized an unspecific interaction between enzyme and cellulose, which is not mediated by the active site of the enzyme and a linear mixed inhibition of amylase activity by cellulose in the presence of maltose. The direct inhibition of digestive enzymes activity by DF is a topic of relatively recent inquiry that deserves further investigations in the future.
DF and gut microbiota fermentation
Humans host a very complex bacterial community in the large intestine that is composed of as much as 1000 different species with large inter-individual variability in its composition. DF that reaches the colon is extensively fermented by the local microbiota and represents the most important fuel for human microbiota (Flint et al., 2012) . Gut microbiota possesses a range of polysaccharides degrading enzymes (CAZymes), which largely complement the few expressed by the human host (Kurokawa et al., 2007) . Microbiota can be seen thus as a "digestive partner" or an "additional digestive organ" that has co-evolved with the human host and that allows the host to benefit of food components that would otherwise be lost as waste (Tuhoy et al., 2012) . The complex interplay between diet (and especially DF), microbiota, and health is schematically depicted in Figure 4 . Microbial community inhabiting the human large intestine is essential to maintain immune homeostasis and intestinal barrier function. This may occur directly by ). In turn, bacterial cell wall constituents and products of microbial fermentation contribute to shift the microbiota composition and to modulate the immunological response of the host. Gut microbiota and its metabolic products ultimately contribute to the host health. ecological pressure of commensal microbiota against pathogenic bacteria or via bacterial products (components of bacterial cell wall, SCFA, etc.), which stimulate innate immune receptors expressed on epithelial cells to restore immune homeostasis in the intestine (Jarchum and Pamer, 2011; Salonen and De Vos, 2014) .
On one hand, the structure of microbiota population determines which metabolites are produced from ileum effluents. Large inter-individual variability in microbiota composition is well known. This variability arises partly from genotype and life history and mainly from long-term dietary habits. Since different bacterial population will express different pools of CAZymes, the same DF will be differently fermented by different individuals/groups. The concept of Microbiota-Accessible Carbohydrates (MAC) has been introduced to refer to the carbohydrates that are metabolically available to gut microbes and thus differ among individuals or dietary groups of individuals (Sonnenburg and Sonnenburg, 2013) . DF fermentation by the gut microbiota results in the production of short chain fatty acids (SCFA), mainly acetate, propionate, and butyrate which concentration is proportional to the amount of DF provided. SCFA have several effects on human host. Most of the SCFA is absorbed by the colon providing supplemental energy to the host (estimated to be around 10% of the energy from the diet, McNeil, 1984) . Production of SCFA also results in the decrease of luminal pH. This contributes to the modification of the microbial population (bacteria from phylum firmicutes are favored over bacteroides, Walker et al., 2005; Duncan et al., 2009 ), increase of the solubility of certain minerals like calcium (Scholz-Ahrens et al., 2007) , inhibition of the growth of Gramnegative Enterobacteriaceae including familiar pathogens Salmonella spp. and Escherichia coli (Walker et al., 2005; Duncan et al., 2009 ), decrease of protein fermentation and production of associated peptide-derived toxic metabolites (Russell et al., 2011) . In addition, propionate has been showed to increase satiety and glucose tolerance (Arora et al., 2011) and butyrate is known for its anti-inflammatory and anti-carcinogenic effects (Canani et al., 2011) . In particular, butyrate increases cell proliferation in colonocytes and induces apoptosis of colon cancer cells (Lupton et al., 1993; Hague et al., 1995) . The beneficial effect of DF does not depend only on the amount of SCFA but also on the relative concentration of acetate, propionate, and butyrate as well as on the location where DF are fermented and SCFA produced, i.e., being the production of SCFA throughout the whole colon preferable over just in the proximal segment. On the other hand, the DF composition of diet will change the bacterial population in the colon. In general, a DF-rich diet will shift the bacterial population toward a more beneficial composition (De Filippo et al., 2010) . Certain DFs have recognized prebiotic effect, i.e., the capacity of inducing specific changes in gut microbiota activity or composition, which results in beneficial effects for the host. Recently, Hamaker and Tuncil (2014) introduced the concept of "discrete structure," i.e., a unique chemical structure of a DF molecule that would align encoded genes for CAZymes in bacterial DNA. The multitude of discrete structures in DF molecules would explain the differences in the prebiotic effect associated with even chemically very similar DF and may be perhaps exploited for the design of food ingredients that can shape microbiota in the desired way.
Fermentation dynamics of DF and its prebiotic effect depends on several factors. First, DF chemical structure has a large effect on its fermentability. In general, soluble polysaccharides are fermented faster and to a higher extent than insoluble polysaccharides (Hamaker and Tuncil, 2014) . For instance, cellulose and lignin, typical insoluble DFs are poorly fermented by the gut microbiota (Slavin et al., 1981; Monro and Mishra, 2010) . Oligosaccharides are fermented more rapidly than polysaccharides but the fermentation rate depends on the chain length. Inulin with DP < 10 is fermented faster than inulin with DP > 10 ( Roberfroid et al., 1998) . While arabinoxylans oligosaccharides (AOX) with DP < 15 were completely fermented in the ascending and transverse colon, 30% of AOX with DP > 15 was fermented in the descending colon with distinctive prebiotic effects in the two segments (Sanchez et al., 2009) . Also minor chemical differences within DF of the same class can change their fermentability. For instance, the degree of methylation of pectins influences its utilization in vitro and in animal models (Dongowski et al., 2002) . Recently, structural features of the arabinoxylan structure that may impact their fermentation rate have been identified (Runpagaporn et al., 2015) . Second, the composition of the ileal effluents may affect the order of utilization of available nutrients by generating a temporal hierarchy based on which more accessible nutrients are metabolized first. Typically several different types of DF are present in the colon affluent. Fermentation is a non-additive process and therefore the outcomes of fermentation of a mixture of two DF structure is expected to be not equal to the sum outcome of the fermentation of each DF individually. Rendering starch physically inaccessible to bacteria by encapsulation in porous alginate-based gelled matrix produced a shift in the fermentation pattern toward a higher level of butyrate, which suggests also a favoring of butyrogenic bacteria (Rose et al., 2009 (Rose et al., , 2010 . It may be hypothesized that fermentation of starch encapsulated within intact cell walls may be delayed compared to free starch (having the same gelatinization level) because of the (partial) inaccessibility of starch granules to bacteria. Indeed bacteria will have first to consume the plant cell wall before the starch can be fermented. The same may hold true for starch embedded in a strong protein network resistant to digestion in the upper intestine such as in pasta (Petitot et al., 2009; Stuknyte' et al., 2014) . Even if some bacteria can secrete extracellular enzymes, most of them must access to, and colonize, the DF to start ferment it (van Wey et al., 2011) . Particle size, porosity, and total surface area of DF particles may therefore affect the fermentation rate but their role has not been completely elucidated. It has been reported that finer particles of wheat bran are fermented faster than coarser particles (Stewart and Slavin, 2009 ). An interesting study from Day et al., (2012) , however, shows that this correlation is not trivial as it seems. The authors showed a faster fermentation in bigger carrot cell clusters compared to small cell cluster, individual cells, and cell wall fragments. The authors explained their counterintuitive finding by arguing that cell wall junction (pectin-rich middle lamella) may provide an environment that fosters bacterial growth thus counteracting the effect of a smaller total surface area exposed by bigger cell clusters to bacterial enzymatic activity. Furthermore, isolated soluble polysaccharides are more rapidly fermented compared to those organized in complex supramolecular structures such as intact cell walls but the opposite is observed for insoluble DF such as cellulose (Mikkelsen et al., 2011) . The structure/organization of the cell wall is also important. Ensilation of chicory root pulp increases the fermentability of pectins because of the more loosen structure induced by the fermentation process that makes pectins more accessible to bacterial enzymes (Ramasamy et al., 2014) . Third, a significant fraction of the ileum effluent is composed of dietary compounds other than DF, e.g., melanoidins, i.e., nitrogen-containing sugar-based polymers produced during Millard reaction in cooked plant-based foods, but also proteins, lipids, and phenolic compounds. These dietary components may impact DF fermentability and prebiotic effect. Aprikian et al. (2003) and Bazzocco et al. (2008) showed that when the apple cell wall polysaccharides and apple polyphenols are fermented together in an in vitro digestion model, the production of SCFA was different compared to apple DF fermented alone. This may depend on the inhibition of extracellular microbial enzyme exerted by polyphenols or by the partial occupancy of fermentation sites by the polyphenols absorbed on the DF molecule.
On top of that, the speed at which digesta progresses along the colon affects the contact time with the microbiota and thus the dynamics of SCFA production but also the contact time of potentially toxic compounds with colon mucosa, which is thought to have a protective effect. Stool transit time in the colon is inversely correlated with its consistency (Heaton and O'Donnell, 1994; Russo et al., 2013) and the latter is very sensitive to its water content (McRorie et al., 1998) . In the distal segment of the colon, DF is rapidly fermented with production of gases and increase of the microbial biomass, which keeps high the water-holding capacity of stools. As moving toward the distal segments of the colon, all the fermentable DF is consumed and the water-holding capacity of the feces is determined by the microbial biomass rather than by remaining DF (Gidley, 2013) . Stools slow down because of the slower biomass growth and the re-absorption of water. However, it is mostly the insoluble, poorly fermented DF that has the major effect on stool mass and water content and in reducing colon transit time. This effect is not related to DF water holding capacity, which is very low for insoluble DF, but rather on the mechanical stimulation of mucus secretion and intestinal peristalsis triggered by DF particles of proper size and shape. Bigger and coarser particles are indeed more effective than small and smooth particles (Tomlin and Read, 1988; Lewis and Heaton, 1999) . Recent investigations suggest that soluble DF can also increase colon transit time but only if the DF is slowly and partially fermentable (Ruiz et al., 2015) . In this case, the fermentation in the distal part of the colon would produce SCFA, which reduces the colon transit time by stimulating local intestinal peristalsis and by maintaining the local osmolarity. In addition, the presence of indigested material with substantial water holding capacity would contribute to stool softening and intestinal regularity.
Conclusions and future perspectives
There is general consensus that a diet rich in DF helps protecting against a vast array of diseases. Compared to other dietary components, DF's beneficial effect on health almost uniquely depends on the modulation of digestive processes rather than on intrinsic nutritional properties or the elicitation/triggering of specific biological activities. In this review, the behavior of DF during digestion of food has been discussed and related to the physiological effects on health. Despite our knowledge of the behavior of DF in the GIT has rapidly increased over the last years, also thanks to the development and improvement of reliable and realistic in vitro models of digestion, there are still several points of attention for future research.
The first is that a strong structure-function relationship exists that explains the physiological effect of DF. DF behavior during digestion depends on its chemical structure but the term DF is a black box including a wide range of different chemical structures even within the same "class." A detailed characterization of the DF molecular structure is essential to predict its physiological behavior, something that has not always been considered in a number of intervention and epidemiological studies and that may, at least partially, explain their contradictory outcomes (Gemen et al., 2011) . Considering the effect that food processing may have on DF, that characterization should be carried out on food products at the moment of consumption rather than on raw ingredients or intermediates. The second consideration is that interactions of DF with other meal components are essential and must be incorporated when the physiological effect is to be predicted for a certain DF. The same DF structure may produce different effect depending on the micro-and macronutrients it will interact with, i.e., on food/ meal composition. Third, the physiological effect also depends upon the modality of DF administration. The effect is predictably different whether a certain DF is administrated free in solution (e.g., in a beverage), it is part of naturally occurring cell wall material or is incorporated as ingredient/additive into a solid food matrix.
All this means that the bare chemical determination of the total DF content of a food does not allow the prediction of its biological activity. This has implications for dietary recommendation for optimal DF consumption and in intervention and epidemiological studies where the target physiological effect should not be just related to the intake of DF but also to DF chemical structure, modality of administration, and food/meal composition. Finally, in designing in vitro experiments it is time to move toward more realistic experimental settings where the effect of DF is investigated in relation to the food matrix/ meal with which it is provided. This will represent a contribution to the shifting from the reductionist approach to nutrition where a food is merely regarded as the sum of its nutritive components to a more integrated food-based approach where the effect of the interactions between individual components and thus of the foods as a whole is considered.
